We coherently probe a quantum dot that is strongly coupled to a photonic crystal nano-cavity by scattering of a resonant laser beam. The coupled system's response is highly nonlinear as the quantum dot saturates with nearly one photon per cavity lifetime. This system enables large amplitude and phase shifts of a signal beam via a control beam, both at single photon levels. We demonstrate photon-photon interactions with short pulses in a system that is promising for ultra-low power switches and two-qubit quantum gates.
INTRODUCTION
The photonic crystal-quantum dot system offers a scalable and robust platform for quantum optics research and the development of quantum information processing applications. In this approach, researchers aim to create a quantum network, which combines the utility of the photon as an information carrier with the nonlinearity of an atomic system for interacting more than one quantum bit (qubit) in a gate. The quantum network requires a way to coherently probe an atom or quantum dot in a cavity. Several proposals for scalable quantum information networks and quantum computation rely on direct probing of the cavity-quantum dot coupling by means of resonant light scattering from strongly or weakly coupled dots. [1] [2] [3] [4] [5] [6] Such experiments were performed in atomic systems [7] [8] [9] and superconducting circuit QED systems. 10 We probe a single InAs quantum dot (QD) that is strongly coupled to a photonic crystal (PC) cavity using a laser beam resonant with the quantum dot. The quantum dot strongly modifies the cavity transmission and reflection spectra.
11 Cavityresonant photons are prohibited from passing through the cavity at the QD resonance, as was simultaneously reported in microposts by Srinivasan and Painter. 12 As the QD-resonant probe laser approaches an intensity corresponding to one photon inside the cavity, the quantum-dot induced reflectivity feature disappears as the quantum dot saturates. This saturation represents a giant optical nonlinearity that enables large nonlinear phase and amplitude shifts of a signal photon by the presence of a control photon. 
COHERENT OPTICAL DIPOLE ACCESS IN A CAVITY
The structure consists of a linear three-hole defect cavity in a triangular photonic crystal lattice, as shown in Fig.1 (a). It is fabricated in GaAs and contains a central layer of InAs quantum dots and has a quality factor Q = 10 4 . The temperature of the structure is scanned by a heating laser.
14 The QD and cavity tune at different rates, as shown in the bottom panel of Fig.2(a) . Fig.1(b) shows the photoluminescence spectra as the QD and cavity are tuned. They intersect in the characteristic anticrossing fashion of a strongly coupled system. This system is then probed by reflecting a narrow-bandwidth laser beam that is near resonance with the QD and cavity. The reflectivity measurements are shown in Fig. 2(a) . Instead a Lorentzian-shaped cavity spectrum, a drop in the reflected signal is observed at the QD wavelength, as expected from theory 5 (fits).
We find good agreement between the measured reflectivity and theory, 11 using the above-mentioned cavity/QD parameters and the tracked QD and cavity wavelengths shown in the bottom of Fig. 2(a) . The QD-induced feature does not reach zero because of fluctuations in the heating power (and hence QD resonance), and because of 'blinking' of the QD exciton, probably by random charging. When these are taken into account in our fit by convolving it with a Gaussian filter (FWHM=0.005 nm), the theoretical model matches the data (black fits). Another reason why the dip does not reach closer to zero, as predicted by theory, is that the dot randomly jumps between different states which can be resonant or off-resonant from the cavity. The resonant state produces a dip while the off-resonant state does not. As a consequence, the dip height is averaged between the occupation probabilities. This 'blinking' was less significant than thermal jitter in this QD/cavity, but we have observed that it can play a big role in other systems. The reason for blinking is probably a combination of random charging 15 and phonon-mediated jitter.
So far, we have shown reflectivity spectra obtained at the narrow wavelength range of the probe laser. This technique provides higher resolution than the spectrometer. However, if the quantum/cavity coupling is high, then the QD-induced feature can also be resolved when the cavity is probed with a broad-band source which is then analyzed on a spectrometer. For lack of a broad-band continuous-wave source near 928 nm, we used the Ti:Sapph laser in pulsed mode (∼ 3 ps duration and ∼ 0.3 nm width). The probe intensity was very low, about 1 nW before the microscope's objective lens, so that the pulses do not saturate the quantum dot. The reflected signal is shown in Fig. 3(a) , normalized by the roughly Gaussian spectrum of the probe. This QD/cavity system is identical in design to the one discussed above, with a Q value near 10,000. The quantum dot has slightly higher coupling with g/2π = 16GHz. Because of the limited resolution the spectrometer (0.03 nm), the features are blurred. Otherwise the reflected spectrum agrees with theory, which is plotted in Fig. 3(b) . It is possible to probe the system in broad-band when its response is linear, as in this weak-excitation limit where the average intracavity photon number n 1. When the probe intensity grows, the two-level nature of the quantum dot causes a large nonlinearity. We discuss this next. 
GIANT OPTICAL NONLINEARITY
When the probe power is increased, we can explore the nonlinear behavior of the QD/cavity system. Fig.2(b) shows the QD-induced reflectivity dip vanishing as P in is increased. The saturation sets in when there is approximately one photon coupled to the cavity per modified quantum dot lifetime, which corresponds to an average cavity photon population near one. We observe agreement with theory by a steady-state solution of the quantum master equation (solid lines). The QDinduced feature occurs through the destructive interference between the incident beam and that scattered by the photon, which is π out of phase with it in reflection. This implies that the observed saturation of the QD-induced feature also entails a phase change in the reflected beam. Indeed, we observe a phase change of 0.24π (43
• ) when the control photon number is increased from n =0.08 to 3. 13 We also explored the interaction of a signal beam and a detuned control beam. Detuned signal and control photons are useful for applications such as quantum quantum nondemolition (QND) detection, where the control beam accumulates a phase in the presence of the signal beam, or all-optical control, where a control beam switches the transmission of the cavity to the signal beam. For this measurement, we consider another dot that is also strongly coupled with a vacuum Rabi frequency g/2π = 8GHz. We detuned the control beam by Δλ = −0.027 nm ( g) from the signal beam. With a constant signal intracavity number n s ≈ 0.2, we then varied the control photon number n c . The photon-photon interaction is mediated primarily by the QD saturation through the control beam, though some detuning occurs by the AC Stark effect, which can create large phase shifts. 16 In Fig. 4 , we plot the phase and intensity of the signal beam when it is red-detuning by 0.4g from the cavity, which in turn is resonant with the QD. Here the phase is plotted with respect to the phase when the control beam is off, Δφ r = φ r − φ r (n c = 0) ≡ φ r − φ r,0 .
The coherent QD access enabled by the CODAC technique is essential for quantum information processing in solidstate systems, as it opens the door to single photon detection, 9 coherent transfer of the QD state to photon state, 1 and quantum repeaters employing nondestructive Bell measurements with the addition of a third long lived QD level. 5 The observed giant optical nonlinearity has promising applications for the generation of nonclassical and squeezed states of light, 7, 17 and non-demolition photon number state measurements. 9, 18 It may also find applications in classical all-optical signal processing. The photonic crystal approach can lower losses by reduced spontaneous emission 19 and on-chip integration. 20 
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